Abstract: A new multilayer differential transmission line for common-mode suppression fabricated using an organic liquid crystal polymer multilayer substrate is proposed and analysed. The structure consists of a pair of parallel strip lines printed on the top layer of the substrate that are capacitively coupled to conductor patches periodically etched in an intermediate interface. These patches are symmetrically connected to a solid ground plane by means of short-circuited high-impedance microstrip line sections and metalised via holes. The differential signal supported by the coupled strips is not significantly affected by the presence of the middle layer layout, whereas the common-mode signal propagation is strongly suppressed within a certain frequency band. When this structure is cascaded with a simple differential bandpass filter exhibiting poor common mode rejection, a good common mode response is achieved within the unperturbed differential passband. The measurements confirm a significant enhancement of common-mode rejection thanks to the use of the proposed differential lines.
Introduction
Researchers working on high-speed digital circuits that operate in the GHz range are increasingly paying attention to aspects such as immunity to noise, electromagnetic interference (EMI) and crosstalk of balanced differential signal paths when compared with single-ended unbalanced circuitry. Although ideal differential pairs elude all the above problems, the presence of common-mode noise is almost unavoidable in practice. This noise can mainly be linked to symmetry breaking of the circuit topology and/or time skew of the applied signals and it is the source of radiation and EMI problems that causes the degradation of the desired differential signals. Therefore it is important to provide means to reject the undesired common-mode component while preserving the integrity of the differential signal. On the other hand, filters are essential components of any communications system. In this way, many papers have been published in recent years dealing with the appropriate design of a variety of microwave differential balanced filters, including narrow band [1] [2] [3] , wideband [4] [5] [6] or dual-band [7, 8] implementations. All those examples correspond to conventional microstrip technology, although differential devices based on LTCC [9] or SIW technologies are also available [10] .
The above references describe filter geometries that simultaneously provide the desired differential-mode response along with a strong rejection of the undesired common mode. An alternative solution based on the use of artificial transmission line sections, which are almost transparent for the differential signal while strongly reject the common-mode component over a specific frequency band, has been used in [11, 12] . The devices proposed in those papers were based on the use of defected ground structures (DGS). Other DGS quasi-periodic metamaterial-inspired solutions for common-mode rejection can be found in [13] [14] [15] . A few cells of those artificial lines can be combined with balanced filters having poor common-mode response to achieve a good performance, as it is explicitly shown in [14] for a narrow band filter or in [15] for a dual-band filter operating at two highly dissimilar frequencies. A wideband solution based on the use of double slit complementary split ring resonators has been very recently proposed in [16] . In this paper we introduce a new common-mode rejection structure of this kind implemented in a multilayer organic liquid crystal polymer (LCP) substrate. In this way, the periodic structure resulting from cascading the unit cell depicted in Fig. 1 can be shown to exhibit a forbidden band for common-mode operation while being almost completely transparent for the differential signal. Under differential mode excitation, the patches below the strip lines approximately behave as a conventional ground plane, in such a way that the system works as a conventional uniform pair of coplanar strips. However, under common-mode operation, it can be demonstrated that a stop-band circuit arises. In contrast with previous DGS implementations [11] [12] [13] [14] [15] [16] , a key feature of the proposed structure is that it has a solid ground plane, which is a very important issue from the point of view of system integration.
Although the geometry of the proposed structure is reminiscent of the one in [15] , the equivalent circuit for the common-mode is closer to that in [14] (with achievable values of the circuit parameters that can be very different). As an example of application, four cells as the ones in Fig. 1 are combined in this paper with a simple folded stepped impedance resonator (SIR)-based balanced filter. This type of filter intrinsically exhibits poor common-mode performance but, when combined with the proposed structure, a good balanced bandpass filter with enhanced common-mode rejection over the frequency band of interest is achieved.
Analysis of the multilayer differential-pair
A three-dimensional (3D) view of two unit cells of the multilayer configuration proposed in this work is shown in Fig. 1a . The structure has three metal levels (including the bottom solid ground Figs. 1b and c, respectively. The symmetry plane AA′ is a virtual electric wall for differential mode operation, making that the two coupled strips behave as a uniform all-pass transmission system if the width of the strips is properly chosen to satisfy the impedance requirements (typically 100 Ω differential-mode characteristic impedance). Under common-mode operation, the AA′ plane turns out to be a magnetic wall and the system now performs as a periodically loaded transmission line whose equivalent circuit (for two unit cells) is the one depicted in Fig. 2 . The top strip lines are capacitively coupled through the capacitor C p1 to the intermediate-level conducting patch, which in turn presents two paths to ground: the capacitive path characterised by C p2 and the inductive path (narrow strip plus metalised via hole) characterised by the inductance L p2 . In spite of the similarity of this device with the one proposed in [15] , the presence of C p2 makes the equivalent circuit be quite different. Indeed, the equivalent circuit for common-mode operation in Fig. 2 is the same as that discussed in [14] . However, it is apparent that the values of the circuit components are related to completely different geometric parameters and, therefore the achievable values of capacitances and inductances are also quite different (i.e. the influence of the technological limitations in the definition of gaps and strip widths will also be different). In Fig. 2 it can also be appreciated the inclusion of a coupling capacitor, C M , that accounts for the electric field interaction between the patches in the intermediate interface.
To understand the transmission/reflection properties of the proposed structure under common-mode excitation, a Floquet analysis similar to the one reported in [14] can be carried out. The idea is to consider that the unit cells in Fig. 1 are the basic geometry of an artificial periodic transmission line consisting of the cascade connection of an infinite number of these cells. The equivalent circuit of a single cell of that transmission line would have the topology shown in [14, Fig. 2] , where a 4-port model is considered to describe the elementary unit cell. Since we are dealing with exactly the same circuit, the Floquet analysis reported in [14] can directly be applied to our situation. From such analysis we know that the ideal periodic structure exhibits a forbidden band where only purely evanescent or complex modes exist. In this frequency band the structure cannot transmit common-mode signals. For a finite number of cells what is actually obtained is a stop-band behaviour with limited attenuation. A simplified analysis of the same circuit that neglects the coupling capacitance between the intermediate level patches (i.e. taking C M = 0) is also available from [13] . Such analysis has the advantage of providing the following closed-form expressions for the lower, ω lo and upper, ω up , frequency bounds of the forbidden band
When the operation frequency is in the range ω lo < ω < ω up , both the Bloch wavenumber and characteristic impedance are purely imaginary and no propagation is allowed. Note that, in the frame of this simplified model, the fractional bandwidth (Δ) of the forbidden band is controlled by the ratio C p1 /C p2 . As discussed in [14] , the more exact four-ports model predicts a wider rejection bandwidth because of the existence of an additional complex modes frequency region below ω lo . In any case, the larger the ratio C p1 /C p2 , the wider the rejected band. This result can be employed to adjust the bandwidth of the forbidden region for each specific application.
Example of design
To demonstrate the validity of the analysis reported in the previous section, an example case has been considered using LCP technology on a substrate with the following features (see We have used a computer code based on the theory reported in [17] to evaluate such parameters. A final optimisation step using Agilent ADS Momentum slightly corrects those values to improve the quality of the circuit model. The simulated insertion loss of the implemented physical structures for both the differential (|S dd21 |) and common (|S cc21 |) modes are shown in Fig. 3 . The differential-and common-mode equivalent lumped-element circuits predictions have been included for comparison purposes. A single cell and four cascaded identical cells have been considered in the simulations. It can be appreciated that the differential mode is hardly affected by the presence of the middle plane structure in both cases (very small insertion losses). The computed group delay of the differential mode for the four-cells structure is shown in Fig. 4 where a reasonable flatness is obtained, comparable with other reported results [13] . In brief, the differential mode shows all-pass behaviour (as a matched differential transmission line). This means that the differential performance of the coupled pair is not meaningfully affected by the presence of the LC structure (the patches located in the middle plane together with the short microstrip sections grounded through metallic vias). For the common-mode response it can be appreciated that the equivalent circuit results agree reasonably well with the full-wave simulations. For a single cell, the common-mode is only rejected over a narrow frequency band around 3.75 GHz. However, if four cells are cascaded, the structure approaches the periodic limit and a relatively wide rejection band appears. Once a minimum number of cells is used, the bandwidth is mainly controlled by the C p1 /C p2 ratio. The rejection level can be increased if required by cascading more unit cells.
In the simulations shown in Fig. 3b , the coupling capacitance between patches has been taken as an adjustable parameter, and its best fit has been found to correspond to C M = 0.102 pF. The split of the single transmission zero in Fig. 3b for a single cell into three different transmission zeros is caused by the presence of the coupling capacitances C M . Table 1 compares the proposed structure with previous works found in the literature reporting on synthetic periodic transmission lines for common mode suppression. From this table it is obvious that the implemented structure does not provide a high common-mode rejection fractional bandwidth (Δ). However, since this coupled-pair is intended to be applied to the design of a narrow-band balanced bandpass filter having Δ = 16% (see next section), the achieved fractional bandwidth for common-mode operation mode is sufficient. If a wider common-mode stop band is required, we simply need to increase the ratio C p1 /C p2 , as it has been previously mentioned. As an example, if the substrate parameters and extended over a much wider frequency range with no degradation of the differential-mode. This fact is illustrated in Fig. 5 , which shows that common-mode rejection bandwidth has been considerably increased for this second pair of differential lines. In fact, this second structure shows a rejection level better than −10 dB for a fractional bandwidth Δ = 53%, better than −20 dB for Δ = 50%, and better than −40 dB for Δ = 35%. In addition, differential-mode integrity is almost unaffected (the level of the insertion losses remains below −0.35 dB in the whole studied frequency band), as it is required and expected.
Application to filter design
In this section, the first pair of differential lines studied above is combined with a pair of electrically coupled folded SIRs with the aim of designing a Chebyshev balanced bandpass filter with good common-mode rejection. It should be emphasised that the electrically coupled folded SIRs do not yield good common mode rejection by themselves. A four-cell artificial transmission line is used as the input section of the balanced filter, as shown in the layout represented in Fig. 6 . Filter specifications are: centre frequency f 0 = 4.0 GHz, ripple r p = 0.1 dB, and fractional bandwidth Δ = 16%. The standard design procedure reported in [18] (based on the coupling coefficient, M and external quality factor, Q, concepts) has been employed. The required values of the coupling coefficient and external quality factor to meet filter specifications are M = 0.15 and Q = 5.27, respectively. The geometry of the SIRs has been chosen to match the centre frequency, f c , while the coupling distance S M and tap position, t, have been calculated to fulfil the values of the coupling coefficient and external quality factor, respectively (see Fig. 6b for dimensions). A photograph of the fabricated filter is depicted in Fig. 7 showing the two etched surfaces: one with the microstrip lines and the folded SIRs and the other with the patches grounded through vias.
Figs. 8a and b show the simulated and measured results for both the differential and the common modes. We have also included the measurements for the filter without common-mode rejection stage for comparison purposes. This figure shows that the introduction of the differential lines clearly improves the common-mode rejection (more than 17 dB improvement) without significantly perturbing the differential mode response. The measured and simulated in-band group delay of the fabricated filter is depicted in Fig. 9 .
Conclusions
A new structure aimed to design balanced bandpass filters with good common-mode rejection using multilayer LCP technology has been presented. The proposed pair of differential lines exhibits all-pass behaviour under differential-mode operation. Under common-mode operation, the infinitely long periodic structure supports non-propagating waves over a certain frequency range. Few cells of the periodic structure suffice to achieve significant common-mode rejection within this frequency range. These lines have been introduced as input lines of a coupled SIRs balanced filter. In comparison with the same structure without common-mode suppression stage, more than 17 dB of attenuation is achieved for the common mode without deterioration of the differential-mode performance. Electromagnetic and circuit simulations are in good agreement with measurements, thus confirming the good performance of the proposed structure. Fig. 9 Simulated and measured in-band group delay of the fabricated differential filter whose scattering parameters are given in Fig. 8 
